The fungus Cunninghamella elegans ATCC 36112 metabolized approximately 80% of the 3-14C-labeled fluoranthene (FA) added within 72 h of incubation. C. elegans metabolized FA to trans-2,3-dihydroxy-2,3-dihydrofluoranthene (trans-2,3-dihydrodiol), 8-and 9-hydroxyfluoranthene trans-2,3-dihydrodiol, 3-fluoranthene-4-glucopyranoside, and 3-(8-hydroxyfluoranthene)-I-glucopyranoside. These metabolites were separated by thin-layer and reversed-phase high-performance liquid chromatography and identified by 'H nuclear magnetic resonance, UV, and mass spectral techniques. The major pathway involved hydroxylation to form a glucoside conjugate of 3-hydroxyfluoranthene and a glucoside conjugate of 3,8-dihydroxyfluoranthene which together accounted for 52% of the total ethyl acetate-soluble metabolites. C. elegans initially metabolized FA in the 2,3 position to form fluoranthene trans-2,3-dihydrodiol, which has previously been shown to be a biologically active compound in mammalian and bacterial genotoxicity tests. However, C. elegans formed predominantly glucoside conjugates of the ohenolic derivatives of FA, which suggests that this fungus has the potential to detoxify FA.
Fluoranthene (FA), a polycyclic aromatic hydrocarbon (PAH) containing four fused rings, is formed during the combustion of fossil fuels and also occurs as a natural constituent of unaltered fossil fuels (18) . PAHs are included in the priority pollutants listing of the U.S. Environmental Protection Agency since many are carcinogenic in laboratory animals and are potential health risks to humans (19) . Since FA is consistently the most abundant of the PAHs measured in environmental samples, it has been used as an indicator PAH in the chemical analysis of surface soils, air particulates, estuarine and marine sediments, and aquatic samples for PAH contamination (18) . The concentration of PAHs in sediments depends upon the distance of the site from industrialized regions, anthropogenic activities at the site, and the various aerial transport mechanisms at the site (8) . Jones et al. (18) found that a typical range of FA in surface soils was 17 to 1,550 ,ug/kg; the highest concentrations were from industrialized and coal-mining districts.
Biodegradation of PAHs and detoxification of PAH-polluted sites by specific microorganisms may be both a costeffective and a promising means of bioremediation of PAHs in the environment. Howeyer, there is a paucity of information on the bacterial degradation of PAHs containing four or more fused aromatic rings (3, 8) . A bacterial community isolated from creosote waste was able to utilize FA as the sole carbon source (23) . Recently Mueller et al. (22) and Weissenfels et al. (28) demonstrated that Pseudomonas paucimobilis and Alcaligenes denitrificans, respectively, can utilize FA as the sole source of carbon and energy. A Mycobacterium sp. has also been reported to be capable of extensive FA mineralization under cometabolic growth conditions (15-17; I. Kelley'and C. E. Cerniglia, J. Ind. Micro- biol., in press).
Fungi oxidize a wide variety of PAHs (4, 8) . Cunninghamella elegans metabolizes PAHs to compounds which are less mutagenic than the parent compounds (7, 11) . Although C. elegans initially metabolizes PAHs to trans-dihydrodiols, * Corresponding author. phenols, quinones, and dihydrodiol epoxides, the sulfate, glucuronide, and glucoside conjugates of the phenols have been identified as detoxification products of these primary metabolites (7, 9-11, 20, 21) . Earlier studies in this laboratory have indicated similarities as well as differences between fungal and mammalian oxidation of PAHs (8) . Fungal metabolic pathways have shown a greater tendency towards detoxification than towards bioactivation, which is more common in mammals (7, 9-11, 20, 21) .
In this study, we report on the metabolism of FA by C. elegans and provide the first detailed investigation of the isolation and identification of the microbial metabolites of FA. Fig. 3A characteristic of dihydrodiols (Fig. 3A) , which sharpen upon addition of D2O because of the exchange of hydroxy protons (not shown). Selective decoupling of one of the dihydrodiol protons (H3) reveals two small long-range benzylic couplings with H4 and H6 in resolution-enhanced spectra ( Fig. 4A and  B) . This can only occur with a 2,3 substitution. This method for resonance assignment has previously been demonstrated for dihydrodiols (13) . The benzylic couplings also confirm that the adjacent ring system containing H4, H5, and H6 is unsubstituted. The assignments in the tightly coupled part of the NMR spectrum ( Fig. 4A and B) were confirmed by computer simulation. The presence of an additional substitution in the remaining ring system is demonstrated by the coupling pattern and the lack of one aromatic resonance. The key to determining the site of this substitution is an NOE measurement. Selective saturation of H, results in an NOE at the adjacent protons H2 and Hlo (Fig. SA) . Since Hlo lacks an ortho coupling (Fig. 5A) and retains a meta coupling (Fig. 4B) , substitution at C-9 is clearly indicated. The large upfield shifts of H8 and H,o, compared with FA or fluoranthene 2,3-dihydrodiol, are characteristic of ortho effects of a phenol (Tables 2 and 3) . Impurities in the sample, readily seen in the NMR spectra, did not interfere with the analysis.
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The J1 2and J23 couplings of the dihydrodiol ring are 3.2 and 8.0 Hz, respectively, which are identical to those for synthetic fluoranthene trans-2,3-dihydrodiol (1). We therefore concluded that metabolite I was 9-hydroxyfluoranthene trans-2,3-dihydrodiol. Since coupling constants depend on conformation, we also concluded that the 9-hydroxy substitution did not alter the conformation of the dihydrodiol ring. Procedures similar to those described above were used to elucidate structures and assign resonances of the other two dihydrodiol metabolites III and IV (Tables 2 and 3 ). Metabolite III (Fig. 3B ) was found to be 8-hydroxyfluoranthene trans-2,3-dihydrodiol based on nearly identical values of the coupling constants Jl12 and J2-3. The coupling constants differ from those of anthracene trans-dihydrodiols (6) because of a difference in the time-averaged conformation.
Without a comparison with the synthetic standard (1), there would have been uncertainty in the distinction between possible cis and trans isomers. 'H NMR spectral parameters of the metabolite IV, fluoranthene trans-2,3-dihydrodiol (Table 2) , are consistent with those previously reported for the synthetic standard (1), although in the latter case many of the resonances were not resolved and no attempt was made to assign them.
Metabolite II appeared to be most concentrated (9.9 to 16.1%) at 72 h of incubation (Fig. 2) . The UV-visible absorption spectrum of this metabolite showed absorption maxima at 225, 237, 273, 301, and 321 nm. Figure 6A shows the mass spectra obtained by direct-probe mass spectral analyses of metabolite II. A weak molecular ion was observed at mlz 396 istic ions for the acetylated glucose moiety were observed at mlz 331, 169, and 109 (27) (Table 1; Fig. 6B ).
Metabolite V accounted for 44.8% of the total recovered radioactivity by ethyl acetate-extractable residue (Fig. 2 (27) . Thus, a molecular weight of 548 was consistent with four acetyl groups attached to the glucose moiety (Fig. 7) . Apparent impurity ions were also observed at mlz 606 and 534 and appeared to be very minor since these impurities showed up only at a magnification of x 100. Further structural analyses were conducted by NMR to determine the identity of metabolites II and V. These metabolites gave aliphatic resonances in regions characteristic of aryl glucosides (Fig. 8A and B) . The presence of a ,-glucopyranose ring was confirmed by accurate measurement of the aliphatic coupling constants, by using procedures previously described for a phenanthrene glucopyranoside conjugate (5) . The lack of an effect on the H1 resonance in D20 exchange experiments also confirmed the H1 position of the glucose moiety as the site of substitution. It was apparent from the coupling pattern in the aromatic region ( Fig. 8A and  B) that the glucose was substituted at either the C-1 or C-3 position of the FA ring. This distinction was made by indirect methods. Our previous work on phenanthrene 1-3- glucoside had shown that glucose substitution caused a 0.6-ppm upfield shift of the aromatic proton peri to the substitution as well as an 0.9-Hz increase in the adjacent ortho coupling constant. Similar changes in the corresponding resonances of both of the FA glucosides are uniquely consistent with substitution at the C-3 position of FA for both glucosides (Table 2) . Interestingly, saturation of the glucose H1 resonance produced a large NOE at H2 on the FA ring but no detectable NOE for H4, which indicates that the conformation is such that H1 is closer to H2 than to H4. One of the glucosides (metabolite II) had a hydroxy group at the C-8 position, based on an NOE to H1o when H1 was saturated, a measurement similar to those shown in Fig. 5A and B. We observed that the NOEs between these protons VOL. 56, 1990 on June 19, 2017 by guest http://aem.asm.org/ Downloaded from are much smaller than for bay-region protons in the phenanthrene glucopyranoside because of the closer position of protons in a bay region (5) .
A minor metabolite, IV, accounted for 5.1% of the total recovered radioactivity during the 96-h exposure period. The UV-visible absorption spectrum of metabolite IV showed absorption maxima at 228, 248, 258, 276, and 307 nm. The UV-visible spectral characteristics were identical to those reported for synthetic fluoranthene trans-2,3-dihydrodiol (1 (Table 1 ). The proton NMR spectra parameters (Table 2) , including the measured coupling constants J1,2 and J2,3 (Table 3) , were consistent with a PAH dihydrodiol. Thus, metabolite IV was found to be fluoranthene trans-2,3-dihydrodiol. DISCUSSION The proposed pathways for the metabolism of FA by C. elegans are given in Fig. 9 . The initial oxidative attack on FA by C. elegans occurred predominantly at the 2,3 position, resulting in the formation of fluoranthene trans-2,3-dihydrodiol. This species and other fungi have been found to oxidize PAHs via cytochrome P-450 and catalyze monooxygenase and epoxide hydrolase reactions to form transdihydrodiols (6, 8) . It is postulated that further oxidation of fluoranthene trans-2,3-dihydrodiol resulted in the formation of two stereoisomers, 9-hydroxyfluoranthene and 8-hydroxyfluoranthene trans-2,3-dihydrodiols. Phenolic derivatives of the dihydrodiols accounted for 24% of the total radioactive organic-soluble metabolites.
Rat liver microsomes also form fluoranthene trans-2,3-dihydrodiol, which is mutagenic toward Salmonella typhimurium (1, 24, 25) . Babson et al. (1) found the major metabolite in rat liver microsomes to be fluoranthene trans-2,3-dihydrodiol. Several researchers have reported multistep processes occurring during the metabolism of FA, which contains baylike regions (24) (25) (26) . These processes are similar to the multistep bioactivation process of other PAHs, which are catalyzed by cytochrome P-450 and epoxide hydrolase and form mutagenic and carcinogenic bay-region dihydrodiol epoxides (12, 26, 29) . Babson et al. (1) therefore suggest that epoxide hydrolase plays a key role in converting fluoranthene 2,3-oxide to the fluoranthene trans-2,3-dihydrodiol, a major metabolite and a proximate mutagen in animal systems. Additionally, oxidation at the 2,3 position also yields the potentially mutagenic and toxic fluoranthene 2,3-quinone (1) .
Although the 2,3 double bond of FA is the site of enzymatic attack by C. elegans to form trans-dihydrodiols, the formation of 3-hydroxyfluoranthene with subsequent glycosylation is the major pathway found in FA metabolism by C. elegans. The two glucoside conjugates, identified as 3-fluoranthene-,-glucopyranoside and 3-(8-hydroxyfluoranthene)-P-glucopyranoside, together accounted for 52% of the total ethyl acetate-extractable metabolites. Previous studies on fungal metabolism of PAHs have shown conjugation reactions in metabolic pathways leading to detoxification (11) . Our study indicates that glycosylation of hydroxylated FA metabolites may be important in the detoxification of FAcontaminating wastes. This study indicates that C. elegans, unlike mammalian systems but similar to procaryotic systems, metabolizes FA rapidly and that the predominant metabolic pathway is beneficial for detoxification of this ubiquitous pollutant.
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